Abstract-Controlling induction motors have been given a great deal of interest. Generally, the control issue has been dealt with, neglecting the saturation effect of the magnetic characteristic and ignoring the presence of the AC/DC/AC converter. The originality of the present work is twofold: (i) the magnetic saturation effect is accounted for in the control design model; (ii) the induction motor is considered together with its AC/DC/AC converter. The control objectives for the association 'converter-machine' are: (i) forcing the motor speed to track a varying reference signal and optimizing the rotor flux reference, (ii) regulating the DC Link voltage, (iii) assuring a satisfactory power factor correction (PFC) with respect to the power supply net. A nonlinear multi-loop controller is designed using the backstepping technique and formally analyzed using Lyapunov stability and averaging theory. In addition to closed-loop stability, it is proved that all control objectives (motor speed tracking, DC link voltage regulation and unitary power factor) are asymptotically achieved, up to unavoidable, but small, harmonic errors (ripples).
I. INTRODUCTION
HEN three-phase induction motors are involved, speed variation is performed through (three-phase) DC/AC inverters due to their high capability of performing flexible voltage and frequency variation. The inverters are generally powered by an AC supply net through (a transformer and) an AC/DC rectifier. The connection line between the rectifier and the inverter is called DC link. The control problem at hand is to design a controller ensuring a wide speed range regulation for the system including the AC/DC rectifier, the DC/AC inverter and the induction motor. The point is that such a system behaves (vis-à-vis to the AC supply grid) as a nonlinear load causing generation of undesirable current harmonics that reduce the rectifier efficiency, induce voltage distortion in the AC supply line and cause electromagnetic compatibility issues. To overcome this drawback, the control objective must consider not only the motor speed regulation but also the current harmonics rejection. The last feature is referred to as the power factor correction (PFC) [8] Previous works on induction machine speed control simplified the control problem by: (i) ignoring the dynamics of the AC/DC rectifier (focusing thus only on the set 'DC/AC inverter -Motor'); (ii) neglecting the saturation effects in the motor magnetic circuit. The simplified control problem has been dealt with, using several control strategies ranging from simple techniques, e.g. field-oriented control [3] , to more sophisticated nonlinear approaches, e.g. direct torque control [6] . Neglecting the AC/DC rectifier was coped with, supposing the DC link voltage to be perfectly regulated and considering the PFC requirement not to be an issue. Of course, this assumption is not necessarily satisfied. On the other hand, neglecting the magnetic saturation effects makes it impossible to consider state-dependent flux references. Specifically, the reference flux (in previous control solutions) is taken constant equal to its nominal value, [3] , [6] . Obviously, the machine efficiency is then maximal only when it operates in the neighborhood of its nominal point. If the operation point is below the nominal value (small loads), the useless energy stored in stator inductances reduces the machine efficiency. On the other hand, if the operation point is above the nominal value, the (overloaded) machine operates in the saturation zone of its magnetic characteristic and the control performances are not ensured because the control model based upon is no longer representative of the machine. To overcome the above shortcomings in speed control, the flux reference must be dependent on both the speed reference and torque-load. But this requirement is only achievable if the nonlinear nature of the magnetic characteristic is accounted for in the model. In the present work, a new control strategy is developed for the whole system including the 'AC/DC rectifier' and the association 'DC/AC inverter-induction motor'. The new strategy involves a nonlinear multi-loop controller obtained using a model that accounts for the saturation effect of the motor magnetic circuit [7] . It is designed using the Lyapunov and backstepping design techniques, bearing in mind three main control objectives, namely motor speed tracking of varying reference trajectories, rotor flux optimization and unitary power factor. Flux optimality consists in minimizing the absorbed stator current that is necessary to produce a given motor torque. It is formally proved that all control objectives are achieved with a good accuracy.
A. AC/DC rectifier modeling
The power supply net is connected to an H-bridge converter which consists of four IGBT's with anti-parallel diodes for bidirectional power flow mode. This is expected to accomplish two main tasks: (i) providing a constant DC link voltage; (ii) providing an almost unitary power factor. Recall here the average model of (AC / DC) rectifier developed in [9] :
where: 
B. Inverter-Motor modeling
In [7] , a new model was developed and experimentally validated for the considered induction motor. Its originality lies in the fact that it takes into account the saturation effect of the machine magnetic characteristics (fig 2) . It is defined by the following state space representation:
 is a varying parameter that depends on the machine magnetic state (see Fig 2) . In [7] , this dependence was given a polynomial approximation, i.e.:
The involved coefficients have been experimentally identified in [7] using Fig 3. L is the equivalent inductance (of both stator and rotor leakages) as this is seen from the stator,
The numerical values of the model parameters are those of [7] where the model is experimentally validated using an induction motor of 7.5 KW power. In (3a-e), 
). Now, let us introduce the state variables:
Using the power conservation principle, one gets:
Substituting (4a-c) and (5) in (3a-f), the state space equations obtained up to now are put together to get a state space model of the whole system including the AC/DC/AC converters combined with the induction motor. For convenience, the whole averaged model is rewritten here for future reference: B. AC/DC rectifier control design 1) Controlling rectifier input current to meet PFC The PFC objective means that the average input current rectifier must be sinusoidal and in phase with the AC supply voltage. This amounts to enforce the current 1 x to track a reference signal * 1
x of the form:
At this point k is any real parameter that is allowed to be time-varying. Introduce the current tracking error:
In view of (6a), the above error undergoes the following equation:
To get a stabilizing control law for this first-order system, consider the quadratic Lyapunov function 
) DC link voltage regulation
The aim is now to design a tuning law for the ratio k in (7) so 
2) The squared voltage ( 
The ratio k appears as a control signal in the system defined by (12). As said before, the reference signal 
It is easily checked that the time-derivative 2 V  can be made negative definite in the state 2 z by letting:
where 0 2  c is a design parameter. Bearing in mind the fact that the first derivative of the control ratio k must be available (Proposition 1), one suggests, as a tuning law for such a ratio, the following filtered version of the above solution:
At this point, the regulator parameters   2 , c d are any positive real constants. The way these parameters should be chosen will be made clear later (see Theorem 1). For now, let us describe the two control loops we have designed. The regulator design is performed in two steps using the backstepping technique [5] . First, introduce the tracking errors:
Proposition 3. Consider the control system consisting of the AC/DC rectifier described by (6a-b) together with the control laws (10) and (18). Using Proposition 1 (Part 1), it follows that the resulting closed-loop undergoes, in the
) ( z undergo the following differential equations:
In (24) 
Then, using the notations (26) to (31), the dynamics of 3 z and 4 z , can be rewritten as follows:
Similarly, the time-derivative of 3 V can be expressed, in function of the new errors, as follows:
Step 2. The second design step consists in choosing the actual control signals, 2 u and 3 u , so that the system with states ( 
Using (6c-g) and (26), (35) gives: 
Similarly, it follows from (31) that 6 z undergoes the following differential equation: T is a step-like function set first to 0 Nm, then, it steps to 10 Nm at t = 6s, to 20 Nm at t = 8s , to 30 Nm at t = 10s, to 40 Nm at t = 12s, to 50 Nm at t = 14s and to -20 Nm at t = 16s.
The controller performances are illustrated by Figs 5 to 8. Fig. 5 shows that the DC-link voltage
is well regulated and quickly settles down after each change in the speed reference or load torque. The resulting input current e i is illustrated by Fig 8. It is seen that the current amplitude changes whenever the speed reference or the load torque vary. But the current frequency is sensitive to these changes. Specifically, the current remains (almost) all time in phase with the supply net voltage complying with the PFC requirement. Figs 6 and 7 show that the motor speed and the rotor flux norm do perfectly converge to their respective references. The tracking quality is quite satisfactory for both controlled variables (
).
V. CONCLUSION
This paper has addressed the problem of controlling associations including an AC/DC rectifier, a DC/AC inverter and an induction motor. Unlike most previous works, the motor magnetic characteristic is let to be what it is i.e. a saturating curve. The system dynamics have been described by the averaged 7 th order nonlinear state-space model (6a-j). It was formally established that the proposed controller achieves the objectives for which it was designed: (i) almost unitary power factor; (ii) tight DC-link voltage regulation; (iii) satisfactory rotor speed reference tracking and rotor flux norm regulation, over a wide range of load torque variation. In all operation conditions, the proposed SDOF controller leads to a smaller absorbed stator current, compared to that produced by a constant flux controller (see Fig 9) . These results are confirmed by many simulations. 
